Introduction
Atherosclerosis is a complex process that leads to multiple pathologies, including heart attack and stroke (Lusis, 2000) , with the highest prevalence of such diseases occurring in affluent industrialized countries. Piperine, a major active component of black and long peppers, has been reported to protect against myocardial damage (Hu et al., 2009) , cure acute gouty arthritis (Sabina et al., 2010) and inhibit tumor progression (Manoharan et al., 2009) in experimental animal models. Reports from Vijayakumar and Nalini showed that piperine has a lipid-lowering effect in drug-induced hypercholesterolemic rats (Vijayakumar and Nalini, 2006) , and Matsuda et al. (Matsuda et al., 2008) found that it inhibits lipid droplet accumulation in macrophages. However, piperine has been reported to be cytotoxic to cultured embryonic rat brain neurons (Unchern et al., 1998) and cause extensive immunotoxicological effects in mice (Dogra et al., 2004) . Ethyl piperate is a successful modification of piperine that not only eliminates the toxicity of the parent compound but also retains its lipid-lowering function (Borijihan and Yong, 2005.07.06) . It efficiently reduces the levels of plasma total cholesterol and triglycerides in the hamster.
Pharmacokinetic analyses have become increasingly important in the early stages of drug research and development, in part because they may provide insight into pharmacodynamic mechanisms (Nix, 2003) . To date, the pharmacokinetics of ethyl piperate has not been studied and we have found that the bioavailability of ethyl piperate after oral administration is extremely low. The extent of drug absorption through oral administration may be affected by a number of physiological factors, including volume and composition of gastrointestinal fluids, the pH and buffer capacity of these fluids, digestive enzymes, and bacterial flora in the DMD #37614
This article has not been copyedited and formatted. The final version may differ from this version. DMD Fast Forward. Published on February 23, 2011 as DOI: 10.1124 at ASPET Journals on dmd.aspetjournals.org Downloaded from -5 -gut (Dressman and Lennern s, 2000) . To better understand the ethyl piperate absorption process and the modification and disposition of ethyl piperate in vivo, we extended our preliminary observations to include an analysis of factors with potential relevance to the pharmacokinetic profile of ethyl piperate. Our results showed that digestive enzymes and physiological pH conditions were not major contributors to the low bioavailability of ethyl piperate. Using in situ intestinal single-pass perfusion techniques in the hamsters, we found that more than half of orally delivered ethyl piperate, including its hydrolysate piperinic acid, passed through the wall of intestine and entered the blood circulation. Importantly, carboxylesterase (CES) in enterocytes played an important role in hydrolyzing ethyl piperate and reducing its level in the blood. Inhibition of CES with specific inhibitor BNPP reduced the level of the hydrolysate without producing the expected increase in the level of the parent drug, possibly indicating that other ethyl piperate metabolites were produced in the absence of CES activity. We also provide the first report of the intestinal expression of different CES isozymes in hamsters which shows that their mRNA distribution is different from that in rats.
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This article has not been copyedited and formatted. The final version may differ from this version. 2-(Nmorpholino) ethanesulfonic acid (MES) was obtained from Bio Basic Inc. BNPP was purchased from Sigma-Aldrich. HEPES was obtained from Amresco. All other reagents used in this study, unless otherwise specified, were purchased from Sinopharm Chemical Reagent Co. Ltd.
Animals. Male hamsters (110 -175 g), obtained from Shanghai Institute of Biological
Products (China ) were housed in temperature-controlled room (23°C ± 2°C) under 12 h light -dark cycle and were handled according to the Guidelines for the Care and Use of Laboratory Animals.
Absolute bioavailability of ethyl piperate. Twelve male hamsters, fasted overnight before experiments, were randomly divided into two treatment groups (n = 6 per group): in one group, 30 mg/kg ethyl piperate was administered orally; in the other, 10 mg/kg ethyl piperate was delivered by sublingual vein injection. Blood, collected before treatment and 2, 5, 10, 20, and 30 min, and 1, 1.5, 2, 4, 6, 10, 15, 24 h after administration was centrifuged to prepare plasma, which was maintained at -80°C until analysis. The entire sampling process was completed within 1 h. Stability in simulated gastrointestinal pH conditions. Method for simulated gastrointestinal pH conditions was described previously (Chaurasia et al., 2006) with removal of the effect from digestive enzyme. Simulated gastric pH fluid (SGF) consisted of NaCl (34 mM), HCl
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This article has not been copyedited and formatted. The final version may differ from this version. DMD Fast Forward. Published on February 23, 2011 as DOI: 10.1124 at ASPET Journals on April 30, 2017 dmd.aspetjournals.org Downloaded from -7 -(71 mM), and pH was adjusted to 1.2 ± 0.5. Simulated intestinal pH fluid (SIF) consisted of KH 2 PO 4 (50 mM), NaOH (200 mM), and pH was adjusted to 6.8 ± 0.1. Simulated gastric-intestinal pH fluid (SGIF) pH 4.5 was prepared by mixing SGF and SIF in ratio of 39:61. The stability study was initiated by incubating 1 mM ethyl piperate in simulated pH fluids at 37°C for 3 h, followed by collection of 50 µL aliquots every hour for analysis.
Degradation study in hamster intestinal washings. Intestinal washings were prepared as previously described (Crauste-Manciet et al., 1998) . Briefly, six male hamsters were anesthetized and the intestines were exposed and ligated at both ends. The ligated segment was filled with 0.5 mL of washing buffer (10 mM HEPES, pH 7.0, 300 mM mannitol) and let stand for 10 min. The intestine was then evacuated and the particulate material was removed by centrifuging at 3800 × g for 10 min. The washings (1 mg/mL protein, 180 µL) were preincubated at 37°C for 5 min before initiating the assay by adding 20 µL of 1mM ethyl piperate solution (final ethyl piperate concentration, 100 µM). After incubating for 1 h, the reaction was stopped by adding 200 µL acetonitrile, and the supernatant was analyzed by liquid chromatography-tandem mass spectrometry (LC/ MS/ MS).
Identification of ethyl piperate as a CES substrate. Intestine, liver and renal microsomes were prepared by the following method: Six hamsters were sacrificed to obtain whole intestines, livers and kidneys. The intestinal mucosa was scraped and homogenized in buffer A (154 mM KCl, 50 mM Tris-HCl) on ice, followed by sequential centrifugation steps at 9000 × g for 30 min and 105,000 × g for 60 min. The final pellet containing microsomes was resuspended and stored in buffer B (20% glycerol, 100 mM K 2 HPO 4 ). Microsomes from liver and kidney were also prepared using the same procedure.
This article has not been copyedited and formatted. The final version may differ from this version. In situ intestinal single-pass perfusion. The perfusion study was performed using the method of Kenji Masaki et al. (Masaki et al., 2007) with some modifications. The trial was carried out as follows: Twenty four hamsters were randomly divided into two groups, and each group divided in half including control and BNPP treated groups. In the first group, after hamsters were anesthetized, both ends of the intestine were cannulated to permit single-pass perfusion. Animals of control and treated groups were perfused at 0.3 mL/min with MES buffer alone (pH 6.5, containing 0.03 mM phenol which was added as a nonabsorbable marker and detected spectrophotometrically at 550nm, outflow: methanol: 100 mM NaOH, 1:
1: 8 / v: v: v) and MES buffer plus BNPP (400 µM) for 40 min respectively, before sacrificing to prepare intestinal S 9 fraction. After the same treatment as in the first group, animals in the second group were subsequently perfused with test compound (ethyl piperate, 400 µM) to collect samples from intestinal outflow at 10 min intervals for 1 h. In a modification of the original protocol, 0.3 mL of portal vein blood was drawn concurrently with closed IV Catheter system (24 G × 0.75", 0.7 × 19 mm, Becton Dickinson Medical Devices Co., Ltd.) and an equal volume of saline was injected as supplement. The portal vein flow rate during the sampling period was determined by another six hamsters using a T206 small animal blood
This article has not been copyedited and formatted. The final version may differ from this version. flow meter (Transonic Systems Inc.) as previously described (Schmandra et al., 2001) . During the whole process, animal kept anesthetized and the intestine remained viable throughout the experimental period. The outflow was immediately mixed with an equal volume of acetonitrile and the blood was processed to obtain plasma for analysis. The data were analyzed as previously described (Kim et al., 1993; Masaki et al., 2006) .
Hydrolysis of ethyl piperate in the intestinal S 9 fraction. The intestinal mucosal S 9 fraction was prepared from the first group of the perfused intestines and the method was described previously (Masaki et al., 2006) . After preincubating control and BNPP-treated S 9 solutions (5 mg/mL) at 37°C for 5 min, reactions were initiated by adding ethyl piperate solutions (final concentration, 400 µM) and stopped after 5min incubation. The remaining parent drugs were detected to calculate the inhibition ratio of CES after BNPP perfusion. The kinetic profile for the hydrolysis of ethyl piperate (final concentrations, 2-200µM, incubated in control S 9 solutions) was determined. The hydrolytic activity of intestinal control S 9 was inhibited in vitro by incubating with 1 -1000 µM BNPP (final concentration of ethyl piperate, 400 µM).
The hydrolysates were determined, and plots were fitted and all parameters were obtained by using GraphPad software.
Transport across Caco-2 Monolayers. Caco-2 monolayers were prepared by the method of Hubatsch et al. (Hubatsch et al., 2007) . The effect of CES on ethyl piperate permeability was determined in transport assays using 200 µM BNPP as an inhibitor. The bidirectional assay was initiated by adding 10 µM ethyl piperate at the donor side. Samples were collected from the receiver compartment 1 h later and both piperinic acid and ethyl piperate concentrations were determined by LC/ MS/ MS.
This article has not been copyedited and formatted. The final version may differ from this version. This article has not been copyedited and formatted. The final version may differ from this version. for in vitro and in situ samples. The intra-and inter-batch variation, a measure precision, was less than 11.12% and the corresponding accuracy was 92% -98%, evaluated by assaying the quality control samples. The extraction recovery of ethyl piperate was in the range of 62 -68% (n = 6).
mRNA expression of CES isozymes in the whole intestine. Total RNA was extracted from the intestine using the TRIzol Reagent (Invitrogen) and cDNA was synthesized from 3 μ g RNA using M-MLV Reverse Transcriptase according to the manufacturer's instructions (Promega). Segments of the CES isozymes CES2A3 (Genebank, D50577), CES2A11
(Genebank, D28566) and CES1B1 (Genebank, D50578) were amplified from cDNA by reverse transcription polymerase chain reation (RT-PCR) using TaqDNA polymerase (TIANGEN). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Genebank X52123.1) was used as an internal control. PCR reaction conditions and the sequences of primers used are listed in Table 1 . Amplified PCR products were separated on 0.8% -1% Biowest agarose gels and stained with ethidium bromide.
Statistical analysis. Data are expressed as the means ± standard deviation (SD). Two-tailed
Student's t-tests were performed to compare results between control and BNPP-treatment groups; p-values < 0.05 were considered statistically significant.
Pharmacokinetic parameters were calculated from plasma levels of piperinic acid and ethyl piperate by applying a non-compartmental statistic using Drug and Statistics version 2.0 software (Anhui, China).
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Results
Oral bioavailability of ethyl piperate in the hamster. The plasma mean concentration-time profiles of oral and intravenous administration are shown in Figure 2 and the pharmacokinetic parameters are listed in Table 2 . Samples were undetectable after 1.5 h of oral administration or 4 h of IV injection since the ethyl piperate levels was lower than LLOQ (1 ng/ml in plasma). The absolute bioavailability ( The stability research of ethyl piperate before absorption. Because ethyl piperate is a carboxylic acid ester that might be susceptible to hydrolysis in the gut, we investigated the impact of a simulated gut environment on the stability of ethyl piperate ester bond. There was no significant degradation during 3 h under simulated gastrointestinal pH conditions, and great than 80% of the parent drug could still be detected after 1 h incubation in intestinal washings ( Figure 3) . Thus, the pH and digestive enzymes encounter in the gastrointestinal tract do not appear to represent obstructions to the absorption of ethyl piperate.
CES participation in the hydrolysis of ethyl piperate. CES, which primarily catalyzes the hydrolysis of aliphatic esters, is highly expressed in the liver, kidney and small intestine and is predominantly located in the endoplasmic reticulum of the cell (Satoh and Hosokawa, 2006) .
DMD #37614
This article has not been copyedited and formatted. The final version may differ from this version. Figure 5A ) and the kinetic parameters were 7.56 ± 1.491 µM (K m ) and 0.16 ± 0.008 nmol/min/mg protein (V max ).
The results of RT-PCR analyses of the three major CES isozymes in liver, duodenum, jejunum and ileum are shown in Figure 6A . The expression levels of CES isozymes CES1B1, CES2A3, CES2A11 in the duodenum, jejunum and ileum compared to that in liver are shown in Figure   6B , Figure 6C and Figure 6D , respectively. The expression level of CES2A3 was similar in all three parts of the intestine and was approximately 60% of that in liver. CES1B1 expression in the duodenum and jejunum was approximately 10-20% of that in liver; no expression of CES1B1 was detected in ileum. The expression of CES2A11 varied greatly among animals.
This article has not been copyedited and formatted. The final version may differ from this version. The role of CES in the absorption of ethyl piperate. Although the liver may be the main organ for the elimination of ethyl piperate according to the result of microsomes experiment, the total amount of parent drug that cross the intestinal wall is the measure of bioavailability that most accurately predicts its utilization. An in situ single-pass perfusion assay was used to effectively simulate the absorption process in vivo. The blood flow rate in the portal vein during the sampling period was 3.29 ± 1.13 mL/min and the absorption parameters are shown in Table 3 . The appearance rates of ethyl piperate and its hydrolysate piperinic acid at steady state in the portal vein [ν 1 = Q blood × C blood , where Q blood and C blood are the flow rates of vascular perfusion and the concentration of ethyl piperate or piperinic acid in the portal vein, respectively] were 10.8 ± 3.27 and 52.1 ± 6.14 nmol/min, indicating that at least 52.4% of the total drug was absorbed. The This article has not been copyedited and formatted. The final version may differ from this version. Figure 7) . The recovery of the drugs including its hydrolysate in cell experiment was > 90%.
Discussion
Ethyl piperate is a drug candidate that efficiently down regulates cholesterol and triglyceride, but its low systematic exposure -undetectable in plasma at times later than 1.5 h after oral administration -reduces its absolute bioavailability to less than 1%. The short t 1/2 after intravenous injection indicates that ethyl piperate is quickly eliminated in vivo, reflecting rapid metabolism and/or excretion (Yang et al., 2006) .
Preliminary results with oral administered ethyl piperate have shown promising lipid-lowering efficacy, and efforts to understand the pharmacodynamic mechanism have focused on ethyl piperate absorption (Nix, 2003) . The gut is a complex environment with a variable pH and a mixture of digestive enzymes, that can sometimes undermine the stability of ester bonds (Crauste-Manciet et al., 1997). In our study, we found that ethyl piperate was stable in acidic, neutral and alkaline conditions for 3 h, and was resistant to intestinal washings, indicating that gastrointestinal environment contributed little to ethyl piperate degradation. Using BNPP as a tool to identify substrates of CES, which typically hydrolyzes carboxylic esters in vivo (Testa and Waterbeemd, 2007) , we showed that the enzymes in microsomes from hamster liver, kidney and intestine had high hydrolytic activity toward ethyl piperate in vitro. We further demonstrated that CES extensively metabolized ethyl piperate in intestine, which may be the main reason for the low oral bioavailability and short t 1/2 of ethyl piperate.
Exploiting an experimental design described by Mainwaring et al. (Mainwaring et al., 2001) in which BNPP (i. p.) was used to assess the role of CES in the resistance to methyl methacrylate toxicity in rat nasal epithelium, we introduced BNPP into single-pass perfusion
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This article has not been copyedited and formatted. The final version may differ from this version. Caco-2 cells and intestinal tissues. While the P app and appearance rate of ethyl piperate in portal vein were not affected. These results were inconsistent with those of Caco-2 monolayer experiments, in which there was an apparent increase in P mono after inhibition of CES. This discrepancy may reflect inherent differences in the composition of Caco-2 cells and enterocytes. Cancer cell lines, such as Caco-2, are known to have low enzymatic activity, especially with respect to metabolic enzymes such as CYP3A4 (Sun et al., 2008) . In contrast, previous reports have shown that the enterocyte is one of the main drug metabolizing cells in the body and expresses multiple metabolic enzymes (Lin and Lu, 2001 ). Our latter study provided support for the idea that these differences in metabolic capacity might account for the contrasting results obtained in the two different models (unpublished data). In any case, the P mono values of piperinic acid and ethyl piperate on Caco-2 monolayers revealed that both the parent drug and its hydrolysate should be absorbed well (Lennernäs et al., 1996) . As is shown in Table 3 , the loss of ethyl piperate from intestine was much more than the gain of CES has seldom been studied in hamsters, and only one liver cDNA encoding CES2A11 has been previously reported (Sone et al., 1994) . Based on high homology and similarity of characteristics, this isozyme was inferred to be the main CES expressed in the hamster intestinal tract (Satoh and Hosokawa, 2006) . Our analysis of CES isozymes expressed in the hamster intestine, which to the best of our knowledge is the first analysis of its kind, showed that the distribution of CES isozymes in the hamster was different from that in the Wistar rat (Masaki et al., 2007) . CES2A3 mRNA levels were similar among the three regions of the hamster intestine and were 60% less than those in liver. CES1B1 mRNA levels were even lower in the intestine (10-20% of liver levels) and there was a proximal-to-distal decrease in the expression of CES1B1, which reached undetectable levels in ileum. Although the expression of CES2A11 exhibited substantial inter -individual variation, it was the only isozyme expressed at comparable levels in both liver and intestine.
A number of studies have attempted to interpret the action of therapeutics in the context of the complex molecular mechanisms underlying the pathogenesis of atherosclerosis (Tavridou and Manolopoulos, 2008) . The ongoing efforts of cardiovascular specialists have yielded numerous drugs and drug candidates to slow disease progression or facilitate its turnover. The sites of actions of these drugs are extensively distributed throughout the body, but the main focus of previous studies has been on the liver, intestine and blood circulation, especially the artery wall where plaques may occur. Although the curative effect of ethyl piperate in
This article has not been copyedited and formatted. The final version may differ from this version. (Kitayama et al., 2006) . Additional studies to fully characterize the metabolites of ethyl piperate and define the pharmacokinetics and distributions will clearly be required to fully explain the behavior of ethyl piperate after oral administration. However, the results of the current study have provided the framework for our ongoing investigations into the pharmacodynamic mechanism of ethyl piperate and its metabolites.
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